Abstract: SnO 2 aerogel/reduced graphene oxide (rGO) nanocomposites were synthesized using the sol-gel method. A homogeneous dispersion of graphene oxide (GO) flakes in a tin precursor solution was captured in a three-dimensional network SnO 2 aerogel matrix and successively underwent supercritical alcohol drying followed by the in situ thermal reduction of GO, resulting in SnO 2 aerogel/rGO nanocomposites. The chemical interaction between aerogel matrix and GO functional groups was confirmed by a peak shift in the Fourier transform infrared spectra and a change in the optical bandgap of the diffuse reflectance spectra. The role of rGO in 3D aerogel structure was studied in terms of photocatalytic activity with detailed mechanism of the enhancement such as electron transfer between the GO and SnO 2 . In addition, the photocatalytic activity of these nanocomposites in the methyl orange degradation varied depending on the amount of rGO loading in the SnO 2 aerogel matrix; an appropriate amount of rGO was required for the highest enhancement in the photocatalytic activity of the SnO 2 aerogel. The proposed nanocomposites could be a useful solution against water pollutants.
Introduction
The demand for solutions against several environmental issues has recently increased; in particular, the presence of air pollutants and organic dyes in water are global concerns. Since the latters are often highly toxic and have mutagenic properties, their removal is a major problem in the industry [1] [2] [3] . Until now, many efforts have been made to decompose the organic pollutants by using various processes involving, e.g., (homogeneous and/or heterogeneous) catalysts, adsorbents, and ozone [4] [5] [6] [7] [8] and photocatalysis is one of the most effective and economical paths for their removal [9] [10] [11] [12] [13] . Semiconducting metal oxides such as TiO 2 , ZnO, and SnO 2 have been widely used as photocatalysts due to their ability to generate electron-hole pairs when photon energy is provided [12] [13] [14] [15] [16] [17] [18] [19] . Among them, SnO 2 has gained much attention because of its high natural abundance, optical transparency, and physicochemical stability, relatively high electrical conductivity, and lack of toxicity [20] [21] [22] . SnO 2 is an n-type semiconductor with a wide bandgap (3.6 eV) and a rutile-type crystal structure, but it exhibits a low photocatalytic activity due to such wide bandgap and its high photogenerated electron-hole pair recombination rate [23] . Also, the economic aspects of the preparation of SnO 2 photocatalyst for the mass production is still challenging. The cost and compatibility should be considered in photocatalytic degradation [24] [25] [26] [27] [28] .
Many previous studies aimed to enhance the photocatalytic activity of SnO 2 -based semiconductors by introducing nanostructures and composites [29] [30] [31] [32] [33] . Different nanostructures for SnO 2 -based photocatalysts, such as nanoparticles [29] , flower-like structures [30] , and simonkolleite nanopetals [31] , have been reported so far. In addition, the use of SnO 2 composites with carbon materials (in particular, carbon core-shell particles [34] , graphene oxide (GO) [35] , activated carbon [36] , and fullerene [37] ) instead of pure SnO 2 to decrease the electron-hole recombination rate, which would enhance the photocatalytic activity, has been investigated. Moreover, some studies have reported chemical interactions between these carbon materials and the SnO 2 matrix, which decrease the bandgap and improve the photocatalytic activity [38, 39] .
In the present work, we synthesized porous SnO 2 aerogel/reduced GO (rGO) nanocomposites via an epoxide-assisted sol-gel process. GO flakes were uniformly dispersed in a tin solution and captured in a colloidal SnO 2 three-dimensional (3D) network. Then, the in situ thermal reduction of GO was performed continuously in autoclave during the supercritical drying of the resulting nanocomposites. To the best of our knowledge, this is the first report on the in situ annealing of SnO 2 aerogel/GO nanocomposites in an autoclave, providing SnO 2 aerogel/rGO nanocomposites as the final product. Furthermore, the dispersion of 2D GO sheets would hinder the network formation. In this study, the reaction condition was carefully controlled to achieve the uniform distribution as well as the reaction between oxygen containing functional groups on GO sheet and Sn metal center and confirmed by various characterizations. In addition, the synthesized nanocomposites were analyzed in detail and their performance in the photocatalytic degradation of methyl orange (MO) was quantified. As per our knowledge, SnO 2 aerogel and rGO composite has not been studied in application of photocatalysis.
Materials and Methods

Sample Preparation
Tin tetrachloride pentahydrate (SnCl 4 ·5H 2 O) was added to a mixture of water and ethanol (3:1, v/v) and stirred for 1 h; after complete dissolution, 0.05, 0.1, and 0.3 wt.% of GO flakes were added to each solution separately and their uniform distribution was ensured via ultrasonic processing for 1 h. When the GO flakes were suspended in the tin salt solution, this was chilled in an ice bath. Excess propylene oxide (C 3 H 6 O, 143 mmol; Sigma-Aldrich, St. Louis, MO, USA) was added to the solution dropwise by using a syringe. The chemistry of the epoxide-initiated gelation method is well described in [40] ; the gelation took place in 10 min and the alcogel was left for 20 min to complete the reaction. The resulting alcogel was added with ethanol and aged at room temperature for 3 days by exchanging with fresh ethanol every 24 h. Then, the solvent exchange was performed with methanol for 24 h. The so-obtained SnO 2 alcogel underwent supercritical methanol drying at 265 • C and 105 bar in an autoclave equipped with a 2 L vessel (Parr Instruments, Moline, IL, USA). After complete supercritical fluid extraction, in situ drying was performed in the same autoclave by heating the vessel to 300 • C under N 2 flow and the dried aerogel was annealed for 1 h to induce the reduction of GO to rGO.
Characterization
A Fourier transform infrared spectroscopy (FTIR) system (Perkin Elmer, Waltham, MA, USA) was used to monitor the reaction and characterize the impurities. The specific surface area of nanoporous aerogel composites was measured using a Brunauer-Emmett-Teller (BET) analyzer (Quantachrome, Boynton Beach, FL, USA) and the Barrett-Joyner-Halenda (BJH) method. Their crystallinity and structure were investigated with an X-ray diffraction (XRD) system (Rigaku Ultima, Tokyo, Japan) using Cu Kα radiation (1.5418 Å) in the 20-80 • 2θ range. The surface morphology of the SnO 2 aerogel/rGO nanocomposites was analyzed using a field emission scanning electron microscopy (FESEM) system (JEOL JSM 7001F, Tokyo, Japan). The photoluminescence (PL) analysis was performed on a LabRam Aramis system (Horriba Jobin Yvon, Madrid, Spain) at room temperature and with a laser excitation wavelength of~325 nm. Ultraviolet diffuse reflectance spectra (UV-DRS) were recorded on a spectrometer (JASCO 780, Tokyo, Japan) was performed using powder DRS kit at room temperature.
Photocatalyst Properties
The photocatalytic activity of both pristine SnO 2 aerogel and SnO 2 aerogel/rGO nanocomposites was determined based on the degradation degree of an aqueous MO dye solution. The photocatalytic decolorization of the MO solution was derived from its absorption (absorption peak at 464 nm by using a UV-visible (Vis) spectrophotometer (JASCO 570, Tokyo, Japan) in the 300-800 nm range. The initial concentration of the MO dye in the solution was 1 × 10 −5 M and the photocatalyst (1 mg mL −1 ) was dispersed in it. The photocatalytic degradation was performed using a UV lamp (40 W; Philips TL-K) with peak intensity at 370 nm irradiating directly the solution after achieving the adsorption/desorption equilibrium for 30 min. The solution was stirred continuously with a magnetic stirrer. After centrifugation with a microcentrifuge (DAIHAN CF−10, Seoul, Korea), the absorbance spectra of the solution with the photocatalyst suspension (approximately 1.2 mL aliquots) were recorded over time at ambient conditions.
Results and Discussion
Metal alkoxides are generally used as non-silica-based precursors in the synthesis of aerogels [41] [42] [43] , but they are costly and their reactivity is hard to control [44] . In this study, cost effective tin chloride was selected as the precursor and propylene oxide was used to initialize the sol-gel process for the synthesis of the SnO 2 aerogel/rGO nanocomposites. Propylene oxide acts as proton scavenger and ring-strained epoxide, increasing the hydrolysis and condensation rate [45] ; its addition usually speeds up the gelation (less than a minute), leading to the formation of an opaque white alcogel [40, 46] . However, in this study, the tin precursor solution and propylene oxide were chilled in an ice bath to obtain uniform pores in the SnO 2 aerogel, giving a clear transparent alcogel. In addition, due to the relatively fast gelation (approximately 10 min), the GO flakes homogeneously dispersed via ultrasonication were trapped within the SnO 2 matrix without large agglomerations. The porous SnO 2 aerogel/rGO nanocomposites were obtained by removing the solvent in the 3D wet gel via drying at supercritical pressure and temperature. The thermal annealing method was used to reduce GO to rGO by decomposing the oxygen-containing functional groups. The BET and XRD results about the textural and crystalline properties of the as-synthesized pristine SnO 2 aerogel (PTO) and SnO 2 aerogel/rGO nanocomposites (named as TGO05, TGO1, and TGO3 according to the rGO loading of 0.05, 0.1, and 0.3 wt.%, respectively) are shown in Figure 1 and Table 1 . the SnO2 aerogel/rGO nanocomposites was analyzed using a field emission scanning electron microscopy (FESEM) system (JEOL JSM 7001F, Tokyo, Japan). The photoluminescence (PL) analysis was performed on a LabRam Aramis system (Horriba Jobin Yvon, Madrid, Spain) at room temperature and with a laser excitation wavelength of ~325 nm. Ultraviolet diffuse reflectance spectra (UV-DRS) were recorded on a spectrometer (JASCO 780, Tokyo, Japan) was performed using powder DRS kit at room temperature.
Photocatalyst Properties
The photocatalytic activity of both pristine SnO2 aerogel and SnO2 aerogel/rGO nanocomposites was determined based on the degradation degree of an aqueous MO dye solution. The photocatalytic decolorization of the MO solution was derived from its absorption (absorption peak at 464 nm by using a UV-visible (Vis) spectrophotometer (JASCO 570, Tokyo, Japan) in the 300-800 nm range. The initial concentration of the MO dye in the solution was 1 × 10 -5 M and the photocatalyst (1 mg mL -1 ) was dispersed in it. The photocatalytic degradation was performed using a UV lamp (40 W; Philips TL-K) with peak intensity at 370 nm irradiating directly the solution after achieving the adsorption/desorption equilibrium for 30 min. The solution was stirred continuously with a magnetic stirrer. After centrifugation with a microcentrifuge (DAIHAN CF−10, Seoul, Korea), the absorbance spectra of the solution with the photocatalyst suspension (approximately 1.2 mL aliquots) were recorded over time at ambient conditions.
Results and Discussion
Metal alkoxides are generally used as non-silica-based precursors in the synthesis of aerogels [41] [42] [43] , but they are costly and their reactivity is hard to control [44] . In this study, cost effective tin chloride was selected as the precursor and propylene oxide was used to initialize the sol-gel process for the synthesis of the SnO2 aerogel/rGO nanocomposites. Propylene oxide acts as proton scavenger and ring-strained epoxide, increasing the hydrolysis and condensation rate [45] ; its addition usually speeds up the gelation (less than a minute), leading to the formation of an opaque white alcogel [40, 46] . However, in this study, the tin precursor solution and propylene oxide were chilled in an ice bath to obtain uniform pores in the SnO2 aerogel, giving a clear transparent alcogel. In addition, due to the relatively fast gelation (approximately 10 min), the GO flakes homogeneously dispersed via ultrasonication were trapped within the SnO2 matrix without large agglomerations. The porous SnO2 aerogel/rGO nanocomposites were obtained by removing the solvent in the 3D wet gel via drying at supercritical pressure and temperature. The thermal annealing method was used to reduce GO to rGO by decomposing the oxygen-containing functional groups. The BET and XRD results about the textural and crystalline properties of the as-synthesized pristine SnO2 aerogel (PTO) and SnO2 aerogel/rGO nanocomposites (named as TGO05, TGO1, and TGO3 according to the rGO loading of 0.05, 0.1, and 0.3 wt.%, respectively) are shown in Figure 1 and Table 1 . The nanoporous structure of the various samples was determined via the BET analysis ( Figure 1a ). All isotherms showed type V according to the IUPAC classification, revealing the mesoporous structure of the SnO 2 aerogel. PTO exhibited a slightly smaller surface area compared to the rGO-added nanocomposites, while TGO3 showed the largest one (157 m 2 g −1 ); the specific surface area of the SnO 2 aerogel increased with the rGO loading. The rGO presence could clearly enhance this parameter without hindering the colloidal aerogel formation and this was due to the high initial surface area of the GO flakes. Moreover, the well-distributed rGO sheets with a high mechanical strength could reduce the thermal stress induced during the thermal annealing step. Moreover, the average pore volumes and pore sizes, calculated via the BJH method (Figure 1b) , slightly increased in the SnO 2 aerogel/rGO nanocomposites compared to the pristine sample. Figure 1c shows the XRD patterns of the SnO 2 aerogel/rGO nanocomposite after the heat treatment. The SnO 2 aerogel exhibited a rutile-type tetragonal crystal structure and the XRD peaks at 26.61 • , 33.89 • , 37.95 • , and 51.78 • corresponded to the (110), (101), (200), and (211) crystal planes of the SnO 2 aerogel/rGO nanocomposites, respectively, with the following cell parameters: a, b = 4.738 Å and c = 3.187 Å (JCPDS #41-1445) [47] . However, the graphene diffraction pattern could not be indexed because of the low amount of GO flakes. The average crystallite size of the aerogel nanocomposites, calculated using the Scherrer equation, was approximately 3.4 nm for all the samples and no distinctive influence of the rGO addition was observed on the crystallinity of the SnO 2 aerogel. Exfoliated GO can be reduced to rGO via simple annealing under oxidizing or inert atmosphere [48] , but annealing SnO 2 aerogel/GO composites under air atmosphere would reduce the number of oxygen vacancies in the aerogel, lowering its photocatalytic activity. Therefore, after drying, the reaction vessel was heated to 300 • C to induce the reduction of the GO flakes [48] ; this is a facile method for in situ thermal annealing with desirable atmosphere consecutively just after the supercritical alcohol drying. For comparison, the BET specific surface areas of PTO and the various SnO 2 aerogel/rGO nanocomposites were measured before, during, and after (i.e., after the supercritical drying) the in situ annealing ( Table 2 ). The results suggested that the in situ annealing method can minimize the thermal stress. Therefore, the GO reduction in the SnO 2 aerogel matrix via in situ annealing could introduce the enhancement of the specific surface area. Figure 2 shows the FTIR spectra of PTO and the various SnO 2 aerogel/rGO nanocomposites. All samples show weak and broad absorption peaks of hydroxyl (-OH) group around 3400 cm −1 Nanomaterials 2019, 9, 358 5 of 12 owing to the surface hydroxyl groups on the SnO 2 aerogel primary particles. This represents the hydrophilic surface which would favor to absorb aqueous solution for photocatalytic organic dye degradation [49] . In addition, Figure 2a shows a broad absorption peak at around 495 cm −1 , for all samples, that indicates the formation of Sn-O-Sn bonds via the epoxide-initiated sol-gel process. However, this peak shifted toward higher wavenumbers with increasing the GO content, as shown in the magnified spectra in Figure 2b . This broad peak was probably a combination of Sn-O-Sn vibration and Sn-O-C stretching vibration (520 cm −1 ) [50, 51] . The presence of the latter confirmed the chemical bond formation between SnO 2 aerogel and residual oxygen-containing functional groups in GO during the synthesis.
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The photocatalytic activity of both pristine SnO2 aerogel and its rGO nanocomposites was investigated by the degradation of an MO solution. The MO concentration was determined by the absorbance of the solution at 464 nm using UV-Vis spectrophotometer after the centrifugal separation of the photocatalyst powder. All the MO solutions (with pristine and nanocomposite catalysts) were left in dark for 30 min to achieve the adsorption/desorption equilibrium state on the photocatalyst surface. Then, the photocatalytic activity of the samples was initiated via UV light irradiation under continuous magnetic stirring. The absorbance of the MO solution was measured starting from time t = 0, every 10 min of irradiation. Figure 6 shows the changes in the concentration ratio C/C0, where C0 and C are the MO concentrations at the initial time t0 and the irradiation time t, respectively, for the various samples. PTO exhibited a moderately reasonable photocatalytic activity, with a 56% MO degradation after 60 min of UV irradiation. Moreover, the rGO addition resulted in enhanced photocatalytic activity, reaching with TGO1 an 84% MO degradation in the same time. The activity of TGO05 was also relatively higher compared to PTO, but the difference was negligible. The enhancement in the photocatalytic activity of TGO1 was discussed by a comparison with PTO, confirming that the rGO introduction can considerably enhance the photocatalytic degradation of MO. Figure 6b shows the photocatalytic reaction rate constant k values, derived from the slope of the ln(C0/C) versus time plot, for PTO, TGO05, TGO1, and TGO3. All samples exhibited a first-order rate law with a linear behavior. The highest (2.9 × 10 -2 min -1 ) and lowest (1.2 × 10 -2 min -1 ) k values were observed with TGO1 and PTO, respectively, meaning that TGO1 attained a 2.4-fold higher photocatalytic degradation rate compared to PTO. In general, the three main factors influencing the photocatalytic activity are the light absorption intensity, the specific surface area, and the separation/recombination rate of photoexcited electronhole pairs [23] . In this study, the rGO addition to SnO2 sol increased the specific surface area of the final aerogel nanocomposites by introducing more reactive surface sites and, hence, generating more electron-hole pairs [55] . In addition, the photoexcited electrons could move to the conduction band of rGO to interact with absorbed O2 and generate reactive radicals for the MO degradation; this phenomenon was hindered by the electron-hole pair recombination, enhancing the photocatalytic activity of the SnO2 aerogel/rGO nanocomposites. The detailed mechanisms for the formation of reactive radical intermediates during the photoactivation of the SnO2/rGO nanocomposites are described by the Equations (1-6) and the illustration in Figure 7 . The photogenerated electron could move to rGO and produce reactive superoxide anions, eventually leading to the MO degradation.
SnO2 + hv → SnO2(e -+ h + )
(1) In general, the three main factors influencing the photocatalytic activity are the light absorption intensity, the specific surface area, and the separation/recombination rate of photoexcited electron-hole pairs [23] . In this study, the rGO addition to SnO 2 sol increased the specific surface area of the final aerogel nanocomposites by introducing more reactive surface sites and, hence, generating more electron-hole pairs [55] . In addition, the photoexcited electrons could move to the conduction band of rGO to interact with absorbed O 2 and generate reactive radicals for the MO degradation; this phenomenon was hindered by the electron-hole pair recombination, enhancing the photocatalytic activity of the SnO 2 aerogel/rGO nanocomposites. The detailed mechanisms for the formation of reactive radical intermediates during the photoactivation of the SnO 2 /rGO nanocomposites are Nanomaterials 2019, 9, 358 8 of 12 described by the Equations (1)-(6) and the illustration in Figure 7 . The photogenerated electron could move to rGO and produce reactive superoxide anions, eventually leading to the MO degradation. 
On the other hand, the addition of excess graphene to the SnO 2 aerogel matrix (i.e., the TGO3 case) reduced the enhancement of the photocatalytic activity, resulting in a 74% MO degradation in 60 min of UV irradiation. The photocatalytic activity was in the following order: TGO1 > TGO3 > TGO05 > PTO. Hence, a suitable amount of rGO loading would benefit the photocatalytic activity while its excess would decrease the photon absorption efficiency by SnO 2 [56, 57] ; furthermore, such enhancement could be possible only at a certain extent. At the beginning state of the study, the experiment was designed to have 0.5-2.0 wt.% of rGO in SnO 2 aerogel. However, authors have found that large amount of rGO in SnO 2 aerogel retarded the photocatalytic activity as well as the surface area. This would happen because an excess rGO loading could increase the probability of collisions between photogenerated electrons and holes, favoring the electron-hole pair recombination and, thus affecting the photocatalytic activity [58] . Moreover, SnO 2 aerogel/rGO nanocomposites are compared with previous reported SnO 2 based photocatalysts in Table 3 . Methyl orange 60 min/84% This work experiment was designed to have 0.5-2.0 wt.% of rGO in SnO2 aerogel. However, authors have found that large amount of rGO in SnO2 aerogel retarded the photocatalytic activity as well as the surface area. This would happen because an excess rGO loading could increase the probability of collisions between photogenerated electrons and holes, favoring the electron-hole pair recombination and, thus affecting the photocatalytic activity [58] . Moreover, SnO2 aerogel/rGO nanocomposites are compared with previous reported SnO2 based photocatalysts in Table 3 . Figure 7 . Schematic of MO dye photodegradation by using SnO2 aerogel/reduced graphene oxide nanocomposites under ultraviolet light. 
Conclusions
We introduced GO into an SnO 2 aerogel matrix followed by its reduction to rGO via a facile in situ annealing process in a supercritical autoclave. During the sol-gel synthesis, the dispersed rGO flakes were captured in the SnO 2 matrix and the colloidal SnO 2 reacted with their functional groups, as confirmed by the FTIR and UV-DRS spectra. The so-obtained nanocomposites exhibited enhanced photocatalytic activity in the degradation of an MO dye solution by reducing the electron-hole pair recombination rate; the photogenerated electrons were trapped in rGO, leading to the formation of reactive superoxide anions, and the photocatalytic activity varied depending on the rGO loading in the SnO 2 aerogel matrix. This enhancement in photocatalytic activity with rGO addition in aerogel structure was due to the movement of photogenerated electrons to conduction band in rGO which reduces the recombination rate. In 60 min under UV irradiation, the pristine SnO 2 aerogel and the SnO 2 aerogel/rGO (0.1 wt.%) nanocomposites achieved an MO degradation of 56% and 84% degradation, respectively. Therefore, SnO 2 aerogel/rGO nanocomposites could be good candidates for the photodegradation of organic pollutants in industrial wastewater. 
Conflicts of Interest:
The authors declare no conflict of interest.
